We measure and analyze reflection spectra of directly coupled systems of waveguides and cavities. The observed Fano lines offer insight in the reflection and coupling processes. Very different from side-coupled systems, the observed Fano line shape is not caused by the termini of the waveguide, but the coupling process between the measurement device fiber and the waveguide. Our experimental results and analytical model show that the Fano parameter that describes the Fano line shape is very sensitive to the coupling condition. A movement of the fiber well below the Rayleigh range can lead to a drastic change of the Fano line shape.
I. INTRODUCTION
Photonic crystal (PhC) [1] cavities are of tremendous interest for device applications due to their beneficial properties such as small mode volume and high quality factor (Q) [2] [3] [4] . Multiple-cavity systems are great platforms to study fundamental physics and build all-optical devices [5] [6] [7] [8] [9] [10] . Thus, the characterization of multiplecavity systems composed of photonic crystal cavities is of great importance. Reflection measurement is a typical way of characterizing resonant systems. From a reflection spectrum, the resonance width and frequency can be obtained. Depending on the structure of a system, resonances shown in a spectrum can be Lorentzian shape or Fano line shape [11] .
The Fano line shape shows up when a narrow resonance interferes with a continuum. Depending how the continuum interacts with the resonance, a Fano line can show up various profiles [11, 12] . In many cases, the sharp asymmetric Fano line shape is preferred to the Lorenztian shape. For example, for optical switching Fano resonances reduce the switching thresholds and give much larger switching contrast [13, 14] . Fano lines appear very often and are widely studied in side-coupled single and multi-cavity and waveguide systems. For side-coupled single cavity and waveguide systems, Fano lines can be created by adding extra scattering or reflecting elements in waveguides since transmission is open within the bandwidth of the waveguides [15] [16] [17] . For side-coupled multicavity and waveguide system, Fano line shapes show up naturally due to the direct and indirect cavity-cavity couplings even without extra scattering and reflecting elements [18, 19] .
The situation is different in directly coupled single and multi-cavity and waveguide systems (Fig.1) . In such systems transmission is only open at the cavity resonance, and indirect cavity-cavity couplings are absent. In case the light frequency is far off the resonance of the PhC cavity, light will be completely reflected, since the system is closed. Therefore, reflection of the facet of the PhC waveguide does not drastically change the line shape. Only in case the frequency of the incident light is close to the resonance of the PhC cavity, the reflection of the waveguide plays a role. In Fig. 2 , we show the calculated spectra of direct-coupled multi-cavity and waveguide systems in two different cases, one with the consideration of the reflection of the waveguide, the other without taking into account of the reflection of the waveguide. In both cases, we see symmetric Lorentzian shapes. In contrast, we observe sharp asymmetric line shapes on top of Fabry-Pérot fringes in our experiments. Apparently, the observed strong asymmetric Fano line shape in a directly coupled systems can not be solely attributed to the termini of the waveguide.
FIG. 1.
A schematic representation of the sample and experimental setup. The green membrane structure represents the sample. In the barrier waveguide (middle line defect), three cavities have been created by shifting the holes around the waveguided in a tapered way. The shift of the green holes are S1 = 0.0124a, the shifts of the red and blue holes are 2/3 S1 and 1/3 S1, and a is the lattice constant. The red cone next to the sample represents a polarization maintaining lensed fiber (PMF) used to couple light into the membrane. [15, [20] [21] [22] . For a given cavity, by deliberate design of the coupling to the continuum, different Fano line shapes can be obtained by fabricating different samples [17, 23, 24] . However, after the structure is fabricated, it is very difficult to change the Fano line shape without changing the frequency of the resonance because this requires to change the properties of the continuum or the broad resonances.
In this work, we experimentally and theoretically investigate Fano resonances in a multiple-cavity system directly coupled to a waveguide in a PhC membrane structure. We measure the Fano lines and manipulate their shape by tuning the resonances. We create an analytical model which uncovers the origin of the Fano line shape, and it accurately reproduces our experimental results. With the help of our model, we propose and experimentally demonstrate a way of directly manipulating the Fano lineshape without tuning the cavity resonances. Reflection spectrum of a direct coupled waveguide and multiple-cavity system. Black square: measured spectrum. Red line: calculated spectra taking into account the reflection of the waveguide. Blue line: calculated spectra ignoring reflection of the waveguide facet. The calculations were performed without taking into account the lossy Fabry-Perot cavity between the fiber tip and photonic crystal chip.
II. THEORETICAL MODEL
The schematic of the system we consider is shown in Fig. 3 . We explicitly include the lensed fiber used to couple light into the waveguide. Light propagation in this system can be separated into three processes. The first process is the light coupling between the lensed fiber and the input waveguide. The second process is the light transport in the input waveguide. The last process is the light coupling between the waveguides and cavities. A correct description of the coupling process between the lensed fiber and the input waveguide is essential for the formation the Fabry-Pérot fringes in Fig. 2 We use transfer matrices to model all these processes. The transfer matrix [25, 26] connects the fields of forward and backward propagating waves from the left side to the right side,
Here S R± is the forward (backward) propagating wave on the right side, S L± is the forward (backward) propagating wave on the left side and M is the transfer matrix that links them. The matrices describe each process are discussed in the appendix.
III. EXPERIMENTAL SETUP AND REFLECTION SPECTRA
In Fig. 1 we show a representation of the sample. Our sample is a photonic crystal membrane structure made of InGaP [27] with a thickness of 180 nm. The lattice constant is a = 485 nm, the radius of the holes is 0.28a. There are two waveguides shown in the sample in Fig. 1 . One is the input waveguide with the width of 1.1 √ 3a. The length of it is 219a. The other one is the barrier waveguide, the width of it is 0.98 √ 3a. In the barrier waveguide, there are three mode-gap cavities [2] . They are created by shifting the holes around the barrier waveguide (Fig. 1 ). An output waveguide which is in line with the input waveguide is also in the structure. However, it is placed further away from the third cavity. A polarization maintaining lensed fiber (red cone in Fig.  1 ) with numerical aperture (NA) 0.55 is used to couple light from a tunable continuous wave (CW) infrared (IR) laser to the sample. A fiber circulator is used to connect the lensed fiber and laser. The third port of the fiber circulator is connected to a photodiode to measure the reflection spectra of the sample.
The reflection spectrum is shown in Fig. 4 . In Fig.  4(a) , we see that the cavity resonances form different lineshapes on top of Fabry-Pérot fringes. The first Fano resonance (Fig. 4(b) ) is between 1544 nm and 1545 nm, and is a wide and deep valley with a slight asymmetry. The second Fano resonance is between 1543.5 nm and 1544 nm, it has a sharp asymmetric line shape. The peak intensity of this resonance is twice smaller than the maximum intensity of the background fringes. The third resonance (Fig. 4(c) ) between 1541.95 nm and 1542.10 nm is less pronounced. In order to cancel the disorder of the cavities [29] , we use a CW diode laser (λ pump = 405 nm) to tune the frequencies of the cavities in the sample by laser induced heating [30] . To control the first and third cavity simultaneously, two foci are projected on the surface of the sample by an objective with NA 0.4. These foci are generated with the help of a reflective spatial light modulator (SLM) in the pump path. A digital holographic phase pattern is written on the SLM for the generation of the foci [28] .
When the laser spots are focused on the cavities, their resonances are tuned to the red. Although there is no direct laser light on the second cavity, the resonance of cavity 2 also shifts due to heat diffusion. The reflection spectrum of the tuned device is shown in Fig. 5 [29] . The power of the spots on cavity 1 and cavity 3 is 9 µW and 108 µW respectively. We see that in Fig. 5(a) the three resonances occur within 1 nm in the spectrum. One is with sharp asymmetric line shape. The other two have less asymmetric line shape and form two deep valleys in the spectrum. The modulation of the Fano dip shown in Fig. 6(b) is attributed to SLM noise.
IV. ANALYSIS OF REFLECTION SPECTRA
The analysis of the reflection spectra is done by fitting experimental results with our model. We first fit the original spectrum, then the spectrum of the tuned device. The values of the parameters in our model are listed in Table 1 . The fit of our model to the original spectrum is shown in Fig. 4 . The fit agrees very well with our data for resonances 1, 2 and the background fringes. It accurately characterizes the period and visibility of the fringes. Meanwhile, it describes the line shapes, widths, heights of the peaks and depths of the trough for resonances 1 and 2. However, we cannot correctly reproduce the depth and width of resonance 3 at the same time. The probable cause for this is a direct coupling term between the waveguide and cavities 2 and 3, or a second neighboring coupling between the cavities. Such terms have been ig-nored in our model as they would lead to an excessive number of free parameters.
The fit of our model to the tuned reflection spectrum is shown in Fig. 5 . We see that for all three resonances the fit agrees very well with experimental data. There are slight deviations on wings of the resonances between the fit and experimental data. These wings are mostly determined by the Fabry-Pérot fringes. To characterize them accurately, the accurate knowledge of the curvature of the PhC waveguide band is needed. In our model, we only use two parameters m and ω edge to describe the band. This is an approximation only valid for a narrow frequency band. The values are obtained by fitting from the reference spectrum shown in Fig 4(a) . Thus, the small deviation shown in the tuned spectrum which is in a different wavelength range is reasonable.
The fact that the fit from our model has an excellent agreement with the experiment shows that our model describes the physical process of the system accurately. It not only explains the physical origin of the observed Fano resonances but also provides the key parameters of the sample such as the intrinsic loss rates of the cavities. The fitting results show that the intrinsic Q factor is larger than 10 5 . After we apply the tuning the frequency detuning between cavity 1 and 2 is reduced below their coupling rate, the same holds for cavities 2 and 3. We can describe the lensed fiber, air gap, input waveguide and the cavities together as a special Fabry-Pérot cavity. If we ignore the reflection from the facet of the input waveguide, the first "mirror" of this Fabry-Pérot cavity is the tip of the lensed fiber, the second "mirror" of this cavity is the system of photonic crystal cavities. The length of the cavity is the total length of the air gap together with the input waveguide. The phase shift of a single round trip of this Fabry-Pérot cavity consists of two parts, the first is the phase shift from propagation and the second is the phase shift due to the reflection from the second "mirror". The specialty of the second "mirror" is that it is very dispersive around the cavity frequencies. The Fano line shape is determined by the phase shift of the round trip. Therefore, we conclude that the Fano lineshape of the resonance can be tuned by changing the length of the air gap.
V. SENSITIVITY OF THE FANO LINE SHAPE
We perform an experiment to test this prediction on a new sample with the same parameters as our previous sample. Due to the inevitable disorder, the resonance positions of the cavities appear at different wavelengths. We measure reflection spectra with different sizes of the air gap. This was done by moving the sample step by step away from the lensed fiber with our precise translation stage.
The measured reflection spectra are shown in Fig. 6 . In Fig. 6(a) , the reference spectrum is presented (the reference distance between the lensed fiber and sample is denoted by ∆ and is the distance where the coupling is optimized), and we see a Fano resonance is in the form of a dip with a bit asymmetry. After the reference measurement, we increase the length of the air gap with a step size of 100 nm. The spectra with air gap sizes ∆+100 nm, ∆ + 300 nm and ∆ + 500 nm are shown in Fig. 6(b), Fig.  6 (c) and Fig. 6(d) respectively. In Fig. 6(b) , we see a sharp asymmetric Fano resonance with a peak at short wavelength and a dip at a longer wavelength. In complete contrast to the reference spectrum, we see a peak with a slight asymmetry instead of a dip in Fig. 6(c) . In Fig. 6(d) , we again see a sharp asymmetric Fano resonance, however, it is almost a flipped version of Fig. 6(b) . It has a dip at a short wavelength and peak at a longer wavelength. We also retrieve the q parameter that describes the asymmetry of Fano lines using the Fano line formula [12] . We also plot the fits from our analytical model. In the fits, all further parameters are kept the same for the results from Fig. 6(a) to Fig. 6(d) except the coupling loss, since it increases slightly as we increase the size of the air gap. The fits agree well with our experiment, which confirms that changing the air gap size causes the drastic change of the Fano line shape. The results shown in Fig. 6 confirm our prediction that the shape of a Fano resonance can be tuned by changing the size of the air gap between the sample and lensed fiber, and demonstrate that the origin of the Fano line shape is indeed the interference of the sharp resonances with the broad resonances defined by the reflection of the lensed fiber and coupling loss. The maximum distance we move the fiber to manipulate the Fano line shape is only 500 nm from the optimal coupling point. Since the Rayleigh range is 1.9 µm, the coupling efficiency only experiences a very small change. On the contrary, the Fano line shape as we show in Fig. 6 experiences a drastic change.
VI. CONCLUSION
In summary, Fano resonances in the reflection spectra of a direct-coupled waveguide-cavities system in a photonic crystal membrane structure have been experimentally and theoretically investigated. Our theoretical model has an excellent agreement with our experimental results and provides important information on the very low bare loss rate of the cavities. The origin of the Fano lineshape is the interference between the wave reflected from the lensed fiber and the wave reflected from the photonic crystal cavities. The path length difference between these waves is a round trip of the air gap size and the input waveguide. We propose and experimentally show that the Fano asymmetric parameter can be tuned drastically by only changing the air gap size between the sample and the fiber by 100 nm which is a number well below the Rayleigh range. Our model can be used to investigate other physical processes in the system, such as the dynamical tuning of the Fano asymmetry by ultrafast switching [31, 32] .
To derive the matrix which describes the light coupling between the waveguides and cavities, we use the temporal coupled equations. In the equations, we only consider the coupling between the first (last) cavity and input (output) waveguide, with coupling rates γ 1 and γ 2 respectively. We use a j (t) (j = 1, 2, 3) to denote the time evolution of the field in cavity j, and S l± (l = 1, 2) to denote the amplitude of the mode in waveguide l. l = 1 represents the input waveguide and l = 2 represents the output waveguide. The "±" represents forward (backward) propagation. From coupled mode theory [1, [35] [36] [37] , we use following equations to describe the dynamics of the system, S 2− = −S 2+ + 2γ 2 a 3 (A.6) In Eq. (A.6), ω j is the actual bare frequency of cavity j which is defined as ω j = ω 0 +δω j where ω 0 is the intended intrinsic frequency of the cavities, and δω j (j = 1, 2, 3) representing the frequency deviation of cavity j from the actual bare resonance frequency due to fabrication disorder. Γ 1 is the coupling rate between cavity 1 and 2, Γ 2 is the coupling rate between cavity 2 and 3. We solve Eq. (A.6) in a matrix equation form in the Fourier domain, and obtain matrix M III which is the transfer matrix that links (S 2− , S 2+ ) and (S 1− , S 1+ ). The lengthy but straightforward expression is not shown here.
The matrix that describes all the processes is M sys = M III · M II · M I . In our experiment the value of γ 2 is small enough to assume that all the elements after the output waveguide decouple from the system and do not influence the reflection spectrum.
Model without the lensed fiber
In the model without the lensed fiber, M I = M pr . The rest process described by M II and M III remain the same.
